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During the present study we measured plastic adjustments
 
in morphological traits, clonal architecture 
and biomass partitioning for an aquatic
 
clonal species (Myriophyllum spicatum) under two contrasting 
conditions in the field that is, standing vs. running waters. A significant difference in morphological 
traits, clonal architecture and biomass partitioning to different plant parts was observed between 
standing and running water populations. The species produces longer and narrower leaves in running 
water but smaller and broader ones in standing water populations. Spike and peduncle length, number 
of spikes and flowers per ramet were significantly higher in standing water populations. Moreover, a 
high seed set was observed in standing water populations while as running water populations did not 
produce any seeds. Total length of rhizome, branching of ramets, spacer length and average length of 
ramets per plant were highest in standing water populations. However, number of ramets per plant and 
number of branches per rhizome were highest in running water populations. The percentage dry mass 
allocation was highest to shoots followed by seeds and spikes and much less was allocated to under 
sediment parts in standing water populations, whereas, in running water populations allocation was 
highest to shoots followed by under sediment and spikes. The reduction in size,
 
higher biomass 
allocations to belowground organs and a more compact growth
 
form (reduced spacer lengths) in case 
of running water populations as compared to standing water populations contributed to reduce the 
damage
 










Aquatic plants, many of which propagate vegetatively, 
tend to possess lower genetic diversity than terrestrial 
plants, implying an increased role for phenotypic plasticity 
in aquatic habitats (Grace, 1993; Hofstra et al., 1995; Barrett 
et al., 1993). Many plant species exposed to environmen-
tal stresses display
 
plastic responses in their develop- 
mental, morphological, physiological, anatomical, or re-
productive traits that can support functional adjustments, 
possibly compensating for the detrimental effect
 
of stress 
(Sultan, 2000, 2003). Phenotypic
 
plasticity elicited by 
stresses has been widely studied, but
 
mainly in regard to 
resource stresses such as light, nutrients,
 
water availabi-
lity, or inorganic carbon (Chapin, 1991; Gleeson and Tilman, 
1992; Hutchings
 
and De Kroon, 1994; Hutchings and 
John, 2004). However, under
 
natural conditions, plants 
are also subjected to stresses that
 
do not directly limit 
resource availability (e.g., flooding,
 
wind etc.). Plant res-
ponses to these stresses cannot be simply predicted by
 





models linked to resource use (Chapin,
 
1991). Mechani-
cal stresses from wind, current or wave action affect plants 
physically and act on the plant's spatial organization
 
rather than directly on resource acquisition (e.g. many 
aquatic plants
 
escape from the stress through a prostrate 
growth form). Such
 
stresses are widely encountered by 
plants and are ecologically
 
very important because they 
act on plant growth and survival,
 
seedling recruitment and 
species distribution (Foote
 
and Kadlec, 1988; Ennos, 
1997; Hudon et al., 2000; Gantes and
 
Caro, 2001). Per-
manent exposure to mechanical stress can lead to altered
 
morphologies and allocation features of individual plant 
parts (Strand and Weisner, 2001; Jaffe et al., 2002; Boeger 
and Poulson, 2003) leading to reduced size (height, leaf 
area,
 
biomass and petiole length) and generally resulting 
in
 
a reduced drag (Henry and Thomas, 2002; Boeger
 
and 
Poulson, 2003; Hik et al., 2003; Puijalon et al., 2005). In 
this framework, the aim of the present study was to mea-
sure the patterns of plastic adjustments in morphological 
traits, clonal growth and biomass allocation between five 
natural
 
populations (three standing waters and two run-
ning waters) of an aquatic plant species, Myriophyllum 
spicatum L., in response to hydraulic stress (permanent 
exposure
 
to current). We also aimed to compare the plant 
growth patterns under stressful conditions (running waters) 




MATERIALS AND METHODS  
 
In the present study three standing water sites namely Dal Lake 
(DL), Mansbal Lake (ML) and Hygam Wetland (HW) and two run-
ning water sites namely Shalimar stream (SS) and Chanderhama 






A Random sample of 25 plants of the Myriophyllum spicatum were 
drawn from each population (both running and standing waters) and 
the plants were analyzed for morphological features and phenotypic 
variability. The characters studied include number, shape and 
dimensions of leaves; petiole length; rhizome size and length; stem 
shape and inter-node length; spike shape and length; peduncle 
length and number of flowers per spike; shape and dimensions of 
flowers, seed morphology and size and number of seeds per spike 
and per flower. The variations were stastically analyzed; using 
SPSS 10. For microscopic studies Olympus stereo Zoom Trinocular 
microscope was used.  
 
 
Architectural analysis  
 
For description of patch characteristics, terminology used by Wolfer 
and Straife, (2004) was followed, according to which plant is 
defined as a complete unit of ramets connected by rhizomes origi-
nating from a single primary shoot. Ramet is a single module of a 
clonal plant, consisting of shoots, rhizome and roots. Spacer length 
is the rhizome length between two consecutive shoots of the same 
plant. In order to analyse the growth architecture of the species in 
various populations (both standing and as well as running), a 
random sample of 25 plants from each population was analysed for  




spatio-temporal dynamics and plasticity of clonal architecture. The 
characters studied include: total length of rhizome, number of ramets 
per plant, branching frequency, ramet length, spacer length and 
branching frequency of rhizome. The variation if any was analysed 
stastistically using stastistical software SPSS 10.  
 
 
Biomass allocation  
 
Individual plants from natural populations were harvested at 
maturity (both pre and post pollinated), washed in the tap water and 
dried using blotting paper. The ramets were divided into individual 
parts (shoots, rhizomes and roots, spikes and seeds). Oven dried at 
100
o
 for 48 h (Kawano and Masuda, 1980) and the dry mass (repre-
senting the amount of resources allocated) of each component was 







Myriophyllum spicatum inhabits both standing and 
running waters and is highly variable in respect of its 
quantitative traits. The various morphological traits analy-
zed in the present study are summarized in Table 1. It is 
clear from Table 1 that a significant amount of variability 
exists for various morphological traits between standing 
and running water populations as compared to among 
standing or running water populations. Myriophyllum spi-
catum produces larger (3.05±0.29 cm) and narrower 
(0.39±0.02 cm) leaves with longer petioles (0.40±0.05 cm) 
in running water populations but smaller (2.21±0.11 cm) 
and broader (0.84±0.08 cm) leaves with smaller petioles 
(0.11±0.01 cm) in standing water populations. Mature 
spike length (5.13±0.5 cm), peduncle length (1.41±0.22 
cm), number of spikes (3.33±0.49) and flowers (53.93± 
5.17) per ramet were significantly higher in standing water 
populations as compared to running water populations 
where values for mature spike length (2.73±0.24 cm), 
peduncle length (0.72±0.08 cm), number of spikes (1.20 
±0.41) and flowers (23.5±2.77) were significantly lower. 
On the other hand internodal length was found higher in 
running water populations. Moreover seeds were not 
formed in running water populations whereas high seed 
set (93.5±5.93 per ramet) was recorded in standing water 
populations. So the three standing water populations (Dal 
Lake, Mansbal Lake and Hygam Wetland) were almost at 
par with each other with respect to various morphological 
features analyzed, but significant differences were found 
between the standing and running water populations in 






M. spicatum shows clonal growth form, consisting of a 
branched rhizome and from which arises a network of 
leafy shoots called ramets. The whole network of rhizome 
and ramets arising from it is called as genet. The number 
of ramets on each rhizome and the spacer length between





























Length of leaves (cm) 2.41
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two consecutive ramets are the important features in M. 
spicatum allowing the plant to some extent to adapt to 
heterogeneous environments such as running and standing 
waters. As the species inhabits both standing and run-
ning waters, it showed significant variability in almost all 
growth architectural features analysed between standing 
and running water populations (Table 2). It was observed 
that total length of rhizome (18.59±1.20 cm), branching of 
ramets (0.93±0.02 branches per ramet), spacer length 
(3.20±0.15 cm) and average length of ramets (111.53± 
5.85 cm) per plant were highest in three standing water 
populations as compared to two running water popula-
tions where the total length of rhizome (12.26±1.04 cm), 
branching of ramets (0.26±0.01 branches per ramet), 
spacer length (0.83±0.03 cm) and average length of 
ramets (66.6±3.68 cm) showed significantly lower values. 
However number of ramets per plant (15.0±1.06) and 
number of branches per rhizome (3.13±0.35) were high-
est in running water populations as compared to standing 




Biomass allocation  
 
The allocation of dry mass to different plant parts in the 
species across different populations is summarized in
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Table 3. The dry mass allocation to different plant 
parts differed significantly across standing and 
running water populations. The percentage alloca-
tion of dry mass to shoots (4028.2±54.37 mg) was 
highest followed by seeds (436±19.84 mg) and 
spikes (91.6±5.96 mg) and much less was alloca-
ted to under-sediment parts (32.6±1.64 mg) in 
standing water populations. However, in running 
water populations the percentage dry mass allo-
cation was higher to shoots (2295.7±33.17 mg) 
followed by under-sediment parts (65.4±3.77 mg) 
and spikes (53±2.58 mg). Seeds were not formed 
in these populations. So, in standing water popu-
lations were percentage allocation of dry mass to 
under-sediment parts was 0.71%, running water 
populations allocated higher resources to under-
sediment parts that is, 2.69% as compared to 





Aquatic plants, many of which propagate vegeta-
tively tend to possess lower genetic diversity than 
terrestrial plants, implying an increased role for 
phenotypic plasticity in aquatic habitats for diver-
sity (Sculthrope, 1967; Barrett et al., 1993). During 
the present investigation it was observed that M. 
spicatum inhabited both standing as well as 
running waters. This species has developed dis-
tinct morphological characters with respect to its 
rhizome/ramet/genet, leaf, floral and seed charac-
teristics to adapt itself in different habitats. It was 
observed that leaf dimensions of the species did 
not vary much within different standing/running 
water populations but differ significantly between 
standing and running water populations. The spe-
cies produced narrow and longer leaf blades as 
well as longer petioles in running waters to pre-
vent these leaves from being detached from the 
stem and branches of the main plant due to the 
flow of water, whereas in standing waters wider 
and smaller leaf blades with short petioles were 
produced due to the absence of this stress of 
flowing water. Such a variation in leaf morphology 
has been earlier reported in Potamogeton by Kaplan 
(2002, 2008). Puijalon and Bornette (2006) also 
observed that leaf breadth reduces significantly in 
plants exposed to stress of water currents. Mature 
spike and peduncle length varied significantly 
across standing and running water populations. 
Mature spike and peduncle length was found 
smaller in running water populations as compared 
to standing water populations. This is because 
pressure of the flowing waters impairs the deve-
lopment of spikes due to mechanical stress 
(Gants and Caro, 2001; Riis and Biggs, 2003). 
The number of spikes per ramet and the number 
of flowers per ramet in running water populations 
were more as compared to standing water popula-
tion showing significant differences because of 
stress of flowing water. Similar results were 
obtained by Kautsky (1987) who observed that in 
Potamogeton pectinatus flower number per m
2 
was highest in sheltered populations and the 
number decreased from 945 to 672 per m
2
 with 
increasing exposure to waves. In standing water 
populations copious amount of seeds were formed 
whereas no seed set was observed in running water 
populations, because the plants growing in running 
waters failed to accomplish sexual reproduction 
and did not produce seeds (Kaplan, 2002, 2008). 
Majority of the submerged macrophytes form 
clones, consisting of complex network of ramets 
interconnected by rhizome. Clonal morphology 
changes in response to environmental factors, both 
at the level of individual ramet as well as at clonal 
level (Puijalon et al., 2008). The present study re-
veals that M. spicatum showed considerable and 
significant variation in clonal growth between stan-
ding and running waters, however various growth 
architectural features did not vary much among




different standing water populations or running water 
populations. 
In standing water populations, number of branches per 
ramet and spacer length was more as compared to the 
plants of running water populations. The ramets in run-
ning water populations did not produce many branches 
because fast flowing water impaired the development of 
branches and there was also a risk of getting detached 
from the main axis by pressure of flowing water. However 
in running waters, the number of ramets per plant (clone) 
and the number of branches per rhizome were more in 
number as compared to the plants of standing waters. 
Thus in running waters increased number of ramets per 
plant, reduced spacer length and increased number of 
branches per rhizome could help in the formation of 
dense canopy and enhance anchorage efficiency; a stra-
tegy of resistance that reduces the effect of pressure of 
flowing waters. This dense growth form described as 
Phalanx growth form by Lovett-Doust (1987) due to redu-
ced spacer length and increased branching could allow 
the plants to occupy favourable patches in a heteroge-
neous environment (De Kroon et al., 1994; Dong and De 
Kroon, 1994; De Kroon and Hutchings, 1995). The pre-
sent study is quite in agreement with the earlier findings 
for Mentha aquatica, where the species produces incre-
ased number of creeping stems and dense canopy in 
running waters to reduce the stress of flowing water 
(Puijalon et al., 2008). The increased number of creeping 
stems, enhanced anchorage and formation of dense 
canopy are responsible for reducing the effect of aero or 
hydrodynamic forces in many other plant species (Sand-
Jenson and Mebus, 1996; Speck, 2003; Lui et al., 2007). 
The length/height of ramets in standing water popula-
tions mostly depend upon the depth of water body; while 
in running waters ramets grow in the direction of flow. 
The alignment of creeping stems with flow direction may 
be induced by different mechanisms. First it could be due 
to drag forces exerted by water currents pushing the 
stems in the flow direction (Vogel, 1994; Kotshy and 
Rogers, 2008). Secondly, the stems will be detached if 
they grow in any direction other than the flow of water 
resulting in higher mortality of the creeping stems, for 
instance due to damages by sandblasting and drifting 
particles (Cleugh et al., 1998). Third factor is the different 
activity of the meristems. The meristems could grow per-
fectly in the downstream direction that is partly sheltered 
from the water current and submitted to less stressful 
conditions (Sand- Jensen and Pedersen, 1999), where as 
the other growth directions could be inhabited (Puijalone 
et al., 2008). Total length of rhizome in different popula-
tions could not be measured precisely as it depends upon 
the nature of substratum of water body and handling of 
plant material during collection (plucking of plant material). 
Every organism allocates its resources for various essen-
tial activities, like maintenance, growth and reproduction 
(Willson, 1983). The analysis of resource allocation to dif-





and survival strategies of plants (Madsen, 1991). 
The dry mass allocation to different plant parts in M. 
spicatum varies significantly between standing and run-
ning water populations. The dry mass allocation to shoots 
and spikes was less as compared to under-sediment parts 
in plants inhabiting running waters, whereas, in standing 
water populations the trend was reverse. It was presuma-
bly because the ramets in running waters do not produce 
more branches required to avoid the risk of getting 
detached by the pressure of running waters. Similarly the 
development of spikes got impaired in such stressful 
environments. The under-sediment parts (rhizome, roots) 
spread between the stones and sediment and in turn 
provide strong anchorage and protect the plants from 
completely being washed away. The rhizomes are mostly 
the means of propagation in running waters (Barrett et 
al., 1993). Permanent exposure of plants to mechanical 
stress usually results in reduced size of leaves, height 
and consequently biomass allocation (Niklas, 1998; 
Henery and Thomas, 2002; Boeger and Poulsan, 2003) 
and increased allocation to undersediment parts. Puijalon 
and Bornette, (2006) also observed higher allocation to 
below ground organs in running waters. This results in 
better resource accumulation in the parts protected from 
the water currents and is considered to improve ancho-
rage efficiency (Crook and Ennos, 1996; Niklas, 1998). A 
lower allocation to sexual reproduction associated with 
delayed flowering is also often observed in running water 
populations (Niklas, 1998; Hodges et al., 2004). The plants 
in standing waters allocate much of the resources to shoots, 
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